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Introduction and motivations 
 
?
Role of signal processing
algorithm
 
 
Current measurement systems: accurate, precise, innovative, universal, fitted with many additional 
functions and postprocessing operation, combined hardware and programming upgrade 
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General scheme of measurement system and details of spectrum estimation channel 
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Fig.  1.  General scheme of measurement system 
 
 
This generalization comes from definition of measurement system understood as set of functional units 
formed in self-contained organized whole and joint by common control system.  
In point of special significance for application of frequency analysis we can designate two functional 
blocks: signal acquisition and processing block. 
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Fig.  2.  Details of spectrum estimation channel 
 
 
Signal processing activities is often started from selection of sensors by programmable channel 
selector. Chosen analog signal is initially pre-processed by forming block which is responsible for fitting 
the signal in point of amplitude limitation, variation rate and input impedance. Additionally, forming 
block introduce also some operation in frequency domain by applying low-pass anti-aliasing filter, 
responsible for spectrum matching in point of Nyquist-Shannon sampling theorem. Final transition from 
analog to digital form is executed by A/D converter. Such prepared signal is the input vector for 
frequency algorithm. It worth emphasizing that application of the algorithm is often executed by PC 
machine, serving as a main controller, or by dedicated signal processor systems. 
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Review of spectrum estimation methods (frequency algorithms) 
 
 
 
State of the art: 
• the most popular spectrum estimation method is well known Fourier algorithm. It represents 
classical non-parametric approach and already has very useful digital form but unfortunately reveals 
some drawbacks, 
• alternative to classical approach are novel spectrum estimation methods, which can be grouped in 
two families: parametric and subspace methods. 
 
 
The idea of novel spectrum estimation methods: 
• searching and applying of novel spectrum estimation methods delivers versatility and possibilities for 
fast and noninvasive impact on measurement systems, 
• application of novel spectrum estimation methods can improve the efficiency of the system without 
intervention in hardware area, 
• finally, selection of proper algorithm brings possibilities for adaptation of the system to investigated 
object and aim of the measurements. 
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Fig.  3.  Simplified division of spectrum estimation methods on account of executive equation 
 
 
As a young engineers its good to have a “wide knowledge” including news and trends in measurement 
systems which have already applied and will apply signal processing algorithms.  
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Classical Fourier algorithm 
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• It represents classical non-parametric approach and 
already has very useful digital form but unfortunately 
reveals some drawbacks. 
• The Fourier spectrum is very sensitive to noise or 
components of non-linear systems that can be 
observed as contamination in frequency domain. 
• In order to reduce this inherent influence we can 
calculate the Fourier spectrum of autocorrelation 
function instead of the signal. Such additional step 
leads to power spectral density which in many cases 
is much clearer frequency representation, especially 
for the signal with noise. 
• In signal processing area there is a few methods 
which serves as estimation of power spectral density. 
We can designate here periodogram, modified 
periodogram with smoothing window, Welsh 
method or Blackman-Tukey estimation. All 
mentioned proposition introduce improvements in 
frequency representation which enhance the 
resolution and reduce noise contamination. 
Regardless of chosen approach, all non-parametric 
methods have common feature which exhibits as 
strong tradeoff between number of samples taken into 
calculation and quality of obtained frequency 
representation. 
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Example 
Using classical Fourier approach perform frequency analysis of the signal containing 3 sine 
components. Consider influence of number of samples taken into calculation, noise presence and 
application of power spectral density instead of direct Fourier spectrum. 
 
A. Signal without noise 
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Signal specification:
3 sine components
(50,100,150Hz) with
amplitudes  (1,0.5,0.25 p.u.)
Sampling frequency 1000Hz
 
Fig.  4.  Signal containing three sine components without noise 
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Direct Fourier spectrum:
N=500 -  number of samples equals integral multiplication of
samples contained in periods of particular components
NFFT=500 - number of frequency samples
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Direct Fourier spectrum:
N=512 -  number of samples does not equal integral multiplication
of samples contained in periods of particular components
NFFT=512 - number of frequency samples
 
Comments: 
Direct Fourier spectrum gives sharp results in frequency 
domain if we have at disposal number of samples equals 
integral multiplication of samples contained in periods of 
particular components 
Comments: 
Direct Fourier spectrum applied for the number of samples 
does not equal integral multiplication of samples contained 
in periods of particular components, introduced smeared in 
frequency domain. It is called “leakage effect”. 
Described specification can be treated as “normal” condition 
(assumption) of real measurement when recorded signal 
may have any frequency structure. Can we then improve the 
accuracy of concentration of the components?  
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Direct Fourier spectrum:
N=512 -  number of samples does not equals integral multiplication
of samples contained in periods of particular components
NFFT=1024 - number of frequency samples (zero-padding)
 
Comments: 
We can improve frequency concentration of investigated components 
using zero-padding and performing the Fourier algorithm with high level 
of number of frequency points. In this situation we can improve the 
“leakage effect” but have to be aware of “side lobe” effect.  
 
General comment: 
Fourier algorithm is strongly sensitive to number of samples taken into calculation 
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B. Signal with noise 
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Signal specification:
3 sine components
(50,100,150Hz) with
amplitude (1,0.5,0.25) in
Gaussian noise
presence, variation 1.
Sampling frequency
1000Hz
 
Fig.  5.  Signal containing three sine components with noise 
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Direct Fourier spectrum:
N=512 -  number of samples does not equals integral multiplication
of samples contained in periods of particular components
NFFT=1024 - number of frequency samples (zero-padding)
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Periodogram
Welch
Blackman-Tukey
Power spectral density:
N=512 -  number of samples does not equals integral multiplication
of samples contained in periods of particular components
NFFT=1024 - number of frequency samples (zero-padding)
 
Comments: 
Direct Fourier spectrum of the signal containing the noise is 
strongly contaminated by the noise influence in frequency 
domain.  
Comments: 
In case of noise appearance, recommended approach for 
Fourier algorithm is to calculate power spectral density 
instead of direct spectrum. It can be achieved using 
estimation of Fourier transform of autocorrelation function 
introduced by periodogram, Welsch or Blackman-Tukey 
methods.  
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Parametric methods of spectrum estimation 
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• Process of estimation utilizes digital filter with 
coefficient responsible for selection of desirable 
components from white noise which is characterised 
by continuous spectrum. The estimation criterion is 
based on minimum squared error between original 
signal and signal obtained after designed filter. 
• On account of possible structure or searched 
transmittance we can distinguish three possible 
approach to model of the system: autoregressive (AR), 
moving average (MA) and combined autoregressive-
moving-average (ARMA) parameter estimation. 
Autoregressive method is dedicated to signals of wide 
but clearly harmonic spectrum. Continuous spectrum 
is appropriately represents by moving average 
process. And finally spectra characterized by 
continuous component with additional harmonics can 
be represent by ARMA model. 
• Here reveals itself the crucial difficulties of the 
parametric methods which is associated with proper 
selection of the model and its order that have 
prominent influence on the accuracy of the estimation. 
In the literature we can find some additional 
optimization algorithms which serve the selection of 
minimum order of designed filter. 
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Subspace methods of spectrum estimation 
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• This group of algorithms utilizes matrix analysis tools, 
especially engine value decomposition (EVD) and 
singular value decomposition (SVD). Generally, 
mathematical background of the methods is based on 
relations between calculated engine vectors and 
subspace of noise and subspace of signal.  
• Mentioned mathematical operation is carried out on 
special construction of signal or autocorrelation 
matrixes and leads to selection of characteristic 
vectors associated with desirable spectrum.  
• Usually these vectors contains minimum or maximum 
values of engine or singular values. 
• The family of subspace methods is represented by few 
algorithm: Pisarenko method, multiple signal 
classification method (MUSIC), engine value (EV), 
minimum norm (MinNorm) as well as estimation of the 
signal via rotational invariance technique (ESPRIT). 
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Example 
In order to illustrate the most prominent differences between classical Fourier analysis and described 
alternative methods, perform investigations using simulated signal containing sum of three sinusoidal 
components, which frequencies differ slightly (5 10,12Hz), in additional noise presence. The main 
purpose of the investigation is qualitative comparison of obtained spectrums as well as indication of 
advantages of alternative methods when we have at disposal small amount of samples. 
 
A. Number of samples N=500, sampling frequency fs=1000Hz 
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Signal specification:
The sum of 3 sinusoidal components (5,10,12Hz)
with amplitudes (1.0, 0.5, 0.25), respectively, in
additional noise presence with variance 0.5
 
Fig.  6.  Signal containing three sine components, which frequency differs slightly, with noise 
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Direct Fourier spectrum:
N=512 -  number of samples does not equals integral multiplication
of samples contained in periods of particular components
NFFT=1024 - number of frequency samples (zero-padding)
 
Power spectral density:
N=512 -  number of samples does not equals integral multiplication
of samples contained in periods of particular components
NFFT=1024 - number of frequency samples (zero-padding)
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Comments: 
Direct Fourier spectrum of the signal containing the noise is 
contaminated by the noise influence in frequency domain. 
Comments: 
In case of noise appearance, recommended approach for 
Fourier algorithm is to calculate power spectral density 
instead of direct spectrum. It can be achieved using 
estimation of Fourier transform of autocorrelation function 
introduced by periodogram, Welsch or Blackman-Tukey 
methods. 
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B. Reduced number of samples N=16, sampling frequency fs=32Hz 
 
Signal specification:
The sum of 3 sinusoidal components (5,10,12Hz)
with amplitudes (1.0, 0.5, 0.25), respectively, in
additional noise presence with variance 0.5
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samples taken into calculation N=16
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Fig.  7.  Signal from Fig.6, containing three sine components, which frequency differs slightly, with 
noise, however downsampled – number of samples taken into calculation is strongly reduced 
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Comments: 
Reduced number of samples taken into calculation excludes classical 
approach.  
Alternative methods indicates sharp and clear localization of maximums 
associated with searched frequency components in comparison with 
classical periodogram. However, sometimes the maximum values are not 
localized in proper frequency region, like in case of 12Hz indicated by 
Pisarenko methods near 14Hz. 
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Summary 
 
• Measurement system designers make a lot of efforts to improve the reliability, accuracy and 
marketability of their products. Crucial activities are concentrated on modernization of hardware 
application. Discussed during the lecture role of novel solutions in algorithmic area can equally well 
improve the quality of the system and enhance its innovation character. Described example 
concerns novel algorithms dedicated to application in spectrum estimation channel which can be 
treated as alternative to classical Fourier approach. 
• The significance of proposed methods acquires when decision made by system is based on 
spectrum of signals in noise presence or with reduced number of samples. 
• Additionally, observed at present increase of computational power and more and more application of 
signal processors, bring hardware supports for application of alternative algorithms. 
 
